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Worcester, MassachusettsABSTRACT BBL is an independent folding domain of a large multienzyme complex, 2-oxoglutarate dehydrogenase. The
folding mechanism of BBL is under debate between the views of noncooperative downhill-type and classical two-state. Exten-
sive replica exchange molecular dynamics simulations of BBL in explicit solvent have shown some non-two-state behaviors
despite no definitive evidence of downhill folding. In this work, we postprocess the replica exchange data using our roadmap-
based MaxFlux reaction path algorithm to reveal atomically detailed folding pathways. A connected graph is used to organize
and visualize the folding pathways initiated from random coils. High structural and transition heterogeneity is seen in the early
stage of folding. Two main parallel folding pathways emerge in the later stage; one path shows that tertiary contact and helix
formation develop at different stages of folding, whereas the other path exhibits concurrence of secondary and tertiary structure
formation to some extent. Because the native state of BBL is sensitive to experimental conditions, we speculate that the relative
predominance of the two pathways may vary with the protein construct and solvent conditions, possibly leading to the seeming
discrepancy of experimental results. Our roadmap-based reaction path algorithm is a general tool to extract path information
from replica exchange.INTRODUCTIONThe folding behavior of BBL, the peripheral subunit binding
domain from Escherichia coli 2-oxoglutarate dehydroge-
nase multienzyme complex, is unusual. A combination of
spectroscopic techniques and calorimetry has been em-
ployed to monitor the folding/unfolding transition of BBL
(1). The experimental data give different values for the tran-
sition midpoint temperature, Tm. In contrast, if the folding
mechanism were classical two-state, then different probes
(that monitor different structural features of a protein)
would give similar, but not identical values for Tm. To
explain this difference, a model has been developed which
reproduces all of the spectroscopic and calorimetry data.
This model yields a free energy profile of BBL with a single
minimum. The position of the minimum is correlated with
the overall stability under given conditions, leading to the
conclusion that BBL folds in a noncooperative, downhill
manner. (For an in-depth discussion on folding cooperativ-
ity, see Chan et al. (2).) This downhill folding behavior
differs from the original downhill model proposed by energy
landscape theory, which is essentially a limiting case of
a two-state model under extreme conditions strongly biased
toward the native state (3). The noncooperative downhill
folding of BBL is further supported by the observed disper-
sion of melting temperatures for individual residues at pH
5.3 with no salt (4). In particular, different parts of theSubmitted January 3, 2011, and accepted for publication March 21, 2011.
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0006-3495/11/05/2457/9 $2.00protein appear to unfold asynchronously, and the unfolding
of tertiary structure occurs at a temperature lower than that
of the backbone. However, the uncertainties in the data
fitting were questioned (5,6), and later, the model was crit-
icized because it did not include nonlocal interresidue inter-
actions (7).
In contrast, the thermal denaturation of a different
construct of BBL at pH 7 with salt monitored by spectros-
copy techniques and calorimetry as well as NMR has shown
similar values for the melting temperature of the secondary
and tertiary structures, pointing to a cooperative folding of
the unlabeled wild-type BBL (8,9). The discrepancy in the
nature of the folding mechanisms was attributed to the
different length of the protein, the presence of fluorescence
tag, and the solvent environment (8,9).
The computational work of various groups also does not
show a consensus on the folding mechanism of BBL
(7,10–15). Simulations of a Go model which took into
account the many-body interactions suggest that the folding
mechanism varies with the protein construct and the ionic
strength (11). Replica exchange (16) is a powerful method
for sampling protein conformation space. Using this
method, a noncooperative folding mechanism was inferred
(13). Specifically, two distinct structural transitions of
BBL were revealed—the loss of the native tertiary structure
at a low temperature and the complete loss of secondary
structure at a higher temperature (13). Although no defini-
tive evidence was obtained from the replica exchange
results, the simulations clearly showed that the folding
behavior of BBL is complex and not two-state.
Traditionally, the weighted histogram analysis method
(17) is used to post-process replica exchange data to obtain
free energy profiles along different progress variables. Andoi: 10.1016/j.bpj.2011.03.058
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protein folding (18–23). The basic idea is to use a graph
embedded with kinetic information to describe protein
conformational transitions. In this work, we post-process
the replica exchange data collected by Pitera et al. (13)
using our roadmap-based MaxFlux (23,24) reaction path
algorithm to reveal atomically detailed folding pathways.
A connected graph (or a tree) is used to organize and visu-
alize the paths. The goal of this work is to investigate the
folding behavior of BBL from the reaction-path point of
view. A better understanding of the folding mechanism of
BBL will provide insights into some of the basics of protein
folding.METHODS
Theoretical background of MaxFlux
Imagine that protein conformational transitions can be described using
a roadmap (which is actually a graph, and gets its name from its original
developers in the robotics community (25)). Each node represents a confor-
mation and the edge connecting two neighboring nodes encodes the infor-
mation of transition between the nodes. By querying the roadmap, the
optimal pathways from random coils to the native state can be located.
Hereinafter, we use ‘‘node’’ and ‘‘conformation’’ interchangeably.
The definition of optimal path originates by approximating protein
dynamics as an overdamped diffusive process in conformation space
subject to the Smoluchowski equation (26),
vpðr; tÞ
vt
¼ V$j; (1)
jðr; tÞ ¼ ebUðrÞDðrÞ$Vpðr; tÞebUðrÞ; (2)
where p(r,t) is the probability density. If the friction coefficient (g) is
assumed to be isotropic and spatially independent, the diffusion tensor
D(r) can be defined as (kBT/mg)I, where I is the identity matrix. For
a one-dimensional bistable potential under stationary conditions, the
approximate mean first-passage time of the forward reaction can be ob-
tained by solving the Smoluchowski equation, leading to the classical
Arrhenius formula (27). For a multidimensional system under stationary
conditions, Berkowitz et al. (26) defined the optimal path as the path of
minimum resistance or maximum reactive flux (jp),
Min
n
resistancef g
R rP
rR
ebUðrÞdlðrÞ
o
or
Max
(
jp f
1
g
R rP
rR
ebUðrÞdlðrÞ
)
;
(3)
where b ¼ 1/kBT and U(r) is the effective potential. This definition of
optimal pathway is consistent with the fact that a conformation of low
energy is favored by a factor of exp(bDU), where DU is the energy differ-
ence between this conformation and another one.
The optimal path defined in Berkowitz et al. (26) should be considered as
the representative path of a cluster of paths with the same transition mech-
anism. Because the effect of temperature is included, the obtained reaction
path can be interpreted in terms of an approximate classical molecular-
dynamics trajectory. Our roadmap-based reaction-path algorithm has
been successful in locating the folding pathway of b-hairpin (24) and
engrailed homeodomain (23). Other implementations (28–31) based on
the same principle as the minimum resistance path or maximum reactive
flux path (26) have also been shown useful.Biophysical Journal 100(10) 2457–2465Roadmap-based implementation of MaxFlux
We analyzed the conformations of BBL (with 40 residues) from the replica
exchange molecular dynamics simulations of Pitera et al. (13). The
AMBER parm96 force field (32) and the TIP3P explicit water (33) model
were used to generate a trajectory of 32 ns for each of the 256 replicas at
temperatures exponentially spaced from 250 K to 625 K. The starting struc-
ture of the replica exchange molecular dynamics simulations was modified
from PDB ID 1BBL (34), with ALA added to the N-terminal and Ala and
Lys attached to the C-terminal so that its sequence is identical to that used
by Garcia-Mira et al. (1). Pitera et al. (13) used the last 10 ns of the simu-
lation at each temperature for their data analysis. To be consistent with their
analysis and to ensure an extensive coverage of the protein conformation
space, we included the data of Pitera et al. (13) across the entire temperature
range of 250–625 K in the last 10 ns of the simulation, for a total of 2.56 
105 conformations with the water molecules removed (see force-field limi-
tations in the Discussion).
To build a neighbor list for each node, the Ca root-mean-square deviation
(RMSD) of residue 540, combined with native contacts, was used as the
measure of similarity. Two residues are considered to be in contact if the
distance between any of their heavy atoms is <4.5 A˚. The contacts in
the native state structure are called native contacts. By trial and error, we
adopted a dual-resolution strategy to define the criteria for neighboring
conformations. If both conformations i and j have <50% native contacts,
the neighboring criterion is that Ca RMSD is<5 A˚; otherwise, the threshold
is 3 A˚. We used the relaxed criterion for the conformations that have fewer
native contacts because the collected conformations in this region are not as
dense as those near the native state. If we choose 3 A˚ for the RMSD as the
neighbor criterion for all conformations, there will be no path from random
coils to the native state. In practice, it is not necessary to have a uniform
neighbor criterion. It is more efficient to adopt a stringent neighbor criterion
in important regions and a relaxed criterion in less interesting regions. For
our case, we are more interested in the later stage of folding than the early
stages, and thus a more stringent criterion is used when there are more of the
native contacts. We also tried to use 40% rather than 50% native contacts in
the neighbor criteria, which led to 10,000 nodes with no paths to the native
state, compared with 2001 nodes of this kind when 50% native contacts
were used in the threshold.
Two neighboring conformations are connected by an edge. The edge-
weight is defined as
w ¼ expbUðriÞ þ Urj2Dl; (4)
here b¼ 1/kBTwith T¼ 300 K,Dl is the Ca RMSD between conformation i
and j, andU(r) is the effective energy of a conformation, which is equal to the
potential energy plus the solvation free energy calculated using the AMBER
PARM96 force field (32) and the generalized Born/surface area model
(igb ¼ 5) (35). The solvation free energy is an average over the distribution
of water configurations for a given protein conformation at a particular
temperature. It is not practical to calculate the solvation free energy with
the explicit water model because, typically, no single solvent configuration
can provide an accurate estimate of the solvation free energy.
The summation of the edge-weights from a random coil to the native
state is the discretized form of the line integral in Eq. 3. The paths connect-
ing random coils to the native state with the minimum total edge weight are
the optimal folding paths. Dijkstra’s algorithm (36) was employed to search
for the minimum (total edge) weight path from all the conformations
collected in the last 10 ns of the simulation to the native state. We find
that only 2001 nodes out of 2.56  105 nodes cannot be connected to the
native state (see the details in the Discussion). The native state is a represen-
tative conformation in the native state ensemble sampled during the last
10 ns of the replica exchange. From the conformations that preserve 90%
of the native contacts of the NMR structure, we chose the one with the
lowest effective energy as the native state. Its Ca RMSD from the NMR
structure (PDB ID 1BBL) is 2.65 A˚. (For the detailed analysis on the hel-
icity of the native state ensemble, see Fig. S1 in the Supporting Material.)
Parallel Folding Pathways of BBL 2459Dijkstra’s algorithm (36) gives optimal paths connecting every confor-
mation on the roadmap to the native state. To visualize the paths, we focus
only on the paths initiated from random coils. The radius of gyration (Rg) of
the native state is 10.2 A˚. In this work, a conformation is considered to be
a random coil if its Rg is >25 A˚. Starting from the conformation with the
largest Rg, we serially chose conformations such that no conformation is
a neighbor of any of the previous conformations, resulting in 178 represen-
tative random coils. These conformations were then used as initial confor-
mations to illustrate the folding pathways.Protein structure analysis
The interhelical angles were calculated using CHIMERA (37) when at least
one turn of each helix is formed. The end-to-end distance was measured
from the first Ca to the last Ca. We consider that a side-chain contact occurs
if the distance between the geometrical centers of the two side chains is
<6.5 A˚. The local side-chain contact is limited to six residues apart in
sequence space, otherwise, it is a nonlocal contact (14). The secondary
structure in the native helical region was calculated using the DSSP method
(38) implemented in the PTRAJ module of AMBER9.RESULTS
Tree illustration of optimal folding routes
We present the folding pathways initiated from the represen-
tative random coils using a treelike illustration (Fig. 1, A and
B). The root of the tree is the native state. Fig. 2 A shows the
image of the native state (or the root) and one of the randomFIGURE 1 Helicity of (A) Helix 1 and (B) Helix 2 along the folding path-
ways initiated from 178 representative random coils. The tree structure is
plotted by CYTOSCAPE (www.cytoscape.org). The native conformation
is the root. See the text for the criterion on how we chose the root on the
roadmap. A circle represents a conformation. The nodes with Rg > 20 A˚
are not shown for the sake of space (same in Fig. 2 B). Labels A and B in
this figure correspond to Step 1 on Path I and Path II, respectively, in the
following figures.
FIGURE 2 (A) Native state structure and one of the random coils. The
protein conformations were plotted with CHIMERA (37). (Blue)
N-terminal; (red) C-terminal. The same coloring scheme is used in all of
the following plots of protein conformations. (B) End-to-end distance along
the folding pathways. (C) Simplified folding tree. A circle represents
a conformation or a cluster of conformations. The circle size shows the
number of conformations included in a given cluster. The apparent leaf no-
des, nodes with no children, contain random coils (radius of gyration, Rg >
25 A˚). If a node exhibits Rgy 20 A˚ and has more than one link to lower-
lying branches, this node and all of the nodes on its lower-level branches are
merged into a cluster, shown as an apparent leaf in the graph (e.g., see
inset). For clarity, the nodes between an apparent child and its apparent
parent along the path are omitted if no branch appears. The Ca RMSD in
units of A˚ between apparent neighboring nodes (not neighbors in the road-
map) is labeled along the link. (C, Inset) Different routes starting from
random coils converge into a common node with Rg y 20 A˚. Because
the neighbor criterion is 5 A˚ when both conformer i and j exhibit <50%
native contacts, the resolution of the path connecting these conformations
is low. (D) End-to-end distance along Path I and Path II. Step 1 of Path I
and Path II corresponds to Node A and Node B in Fig. 1, respectively.
Note that the paths are initiated from random coils, rather than A and B.
Our analysis is concentrated on the path segments after A and B.
Biophysical Journal 100(10) 2457–2465
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deviate from the native by 0.8 A˚ and ~2 A˚ of the Ca
RMSD, respectively, the child and the grandchildren of
the root are in the native-state basin. Because Dijkstra’s
algorithm (36) is a greedy algorithm to locate the shortest
path, there is no loop along any folding route. Three routes
enter the native state basin, among which 70 random coils
reach the basin from the left route, 10 random coils from
the middle route, and 98 random coils along the right route.
The left and right routes are the major routes. A typical
conformation on the pathways has hundreds of neighbors;
for instance, conformation A on the left route (Fig. 1) has
707 neighbors, and conformation B on the right route
(Fig. 1) has 638 neighbors. Therefore, each conformation
on the pathway should be considered as a representative
of its neighbors.
To study the stability of helices along all the routes, we
show the helicity of Helix 1 and Helix 2 on the tree. Both
Helix 1 and Helix 2 can form independently and early
(89% helicity when Rg ¼ 18 A˚ for Helix 1 and 63% helicity
when Rg ¼ 20 A˚ for Helix 2). However, in general, Helix 1
forms earlier and is more stable than Helix 2. Because we
are less interested in the early events of folding, we focus
on the stage where the protein structures are relatively
compact (see Fig. S2). In the following analysis, we focus
on the path segments after Conformations A and B in
Fig. 1 because the helices are either stabilized or continu-
ously grow after A/B, and the radius of gyration of Confor-
mations A (11.5 A˚) and B (12.1 A˚) is close to that of the
native state (10.2 A˚), whereas the nonlocal native contacts
are as low as ~10% for both conformations. Note that the
paths are initiated from random coils, rather than Conforma-
tions A and B.FIGURE 3 Overview of the two major pathways. (A and B) Effective
energy (potential energy plus solvation free energy) and Ca RMSD, with
respect to the native structure along Path I and Path II, respectively. (C)
Representative conformations on Path I. Conformations a–e correspond
to Steps 1 (Conformation A in Fig. 1), 7, 14, 15, and 17 along Path I. (D)
Representative conformations on Path II. Conformations a–d correspond
to Steps 1 (Conformation B in Fig. 1), 8, 10, and 13 in Path II. Note that
C(e) and D(d) are the same conformation, which deviates from the native
state by 0.8 A˚ of Ca RMSD only. Even though the effective energy of
this conformation is lower than the native structure, it exhibits fewer native
contacts.End-to-end distance
To compare with the fluorescence resonance energy transfer
(FRET) data (1), we show the end-to-end distance in the
treelike plot (Fig. 2 B). Strikingly, before the left route rea-
ches the native-state basin there are six consecutive nodes
which have end-to-end distances shorter than that of the
native state, suggesting that the folding mechanism of this
route may differ from the others (see the Discussion for
the detailed comparison of our results with the FRET
data). Fig. 2 C shows the simplified overall treelike struc-
ture. The convergence from different routes into a common
node occurs at various stages of folding—from as early as
Rg is >20 A˚ (see inset of Fig. 2 C) to as late as 3.8 A˚ of
RMSD from the native-state basin (see the right route in
Fig. 2 C).
To study the detailed structural transition and folding
mechanism, we concentrated on the two major routes,
Path I and Path II (left and right routes in Fig. 2, B and
C). To reiterate, because we are less interested in the early
events of folding, we focus on the stage where the proteinBiophysical Journal 100(10) 2457–2465structures are relatively compact. Therefore, we picked the
path segments after Conformations A and B in Fig. 1 for
the rest of the analysis. Forty-eight paths converge to
Node A and 77 routes merge to Node B. The end-to-end
distances of most of the nodes on Path II are greater than
that of the native state (22.3 A˚), whereas Steps 10–15 on
Path I exhibit the end-to-end distances that are shorter
than that of the root by ~50% (Fig. 2 D), corresponding to
the set of nodes colored with yellow/red on the left route
(in Fig. 2 B) approaching the native-state basin. We observe
side-chain van der Waals contacts between the N- and C-
terminals, most importantly between Ser3 and Pro4 at the
N-terminal and Leu38, Ala39, and Lys40 at the C-terminal,
but no hydrogen bonding is seen. From Steps 15 to 16 of
Path I, the end-to-end distance sharply rises to above the
native value.Folding with or without antiparallel to parallel
interhelical reorientation
Underlying the change in end-to-end distance, the two paths
show high degree of mechanistic heterogeneity. The effec-
tive energy and the Ca RMSD along the paths as well as
some representative conformations are shown in Fig. 3.
Even though Conformation A exhibits 6.5 A˚ of the Ca
RMSD with respect to the native structure, the molecule
deviates further away from the native structure in later steps
Parallel Folding Pathways of BBL 2461up to 8.2 A˚ of the Ca RMSD before moving closer to the
native structure (Fig. 3 A). Nevertheless, the overall change
in RMSD along path II tends to decrease in a continuous
manner (Fig. 3 B).
By visualizing the two paths, we find that the sequences
of folding events along the two pathways do not share any
common features. For Path I, the two helices form way
ahead of approaching the native structure (Fig. 3, A and
C). The two helices of Conformation A (Fig. 3 C(a)) (with
77% helicity) adopt an antiparallel orientation, opposite to
that of the native structure, leading to a shorter end-to-end
distance than that of the native state. In the loop region, resi-
dues 2124 form a turn, and residues 1720 and residues
2528 are organized into a small antiparallel b-sheet, which
grows to its largest form (involving residues 18–23 and resi-
dues 25–30) at Step 9, close to the local minimum of effec-
tive energy (Fig. 3 A). The b-sheet content decreases in the
following steps until it reaches zero percent at Step 14
(Fig. 3 C(c)) where the effective energy reaches its local
maximum (Fig. 3 A).
As the molecule folds, the helicity remains steadily high
while the two helices undergo reorientation (Fig. 3 C). The
interhelical angle changes in a stairwise manner toward the
native-state value (Fig. 4). From Step 1 to Step 5, it fluctu-
ates near 170, followed by a great descent to 114.5 to
reach the second plateau, then it is subject to other two large
decreases to 96.8 at Step 14 and to 62.3 at Step 15 before
falling into the native-state regime. The second plateau of
the interhelical angle along Path I (Fig. 4) and the basin of
the end-to-end distance (Fig. 2 D) concur, indicating that
N- and C- terminals remain close in the process of helical
rearrangement.
In contrast, no such helical reorientation event is observed
in Path II (Fig. 3 D). As shown in Fig. 4, initially when at
least one helical turn is present in each helical region, theFIGURE 4 Interhelical orientations. Because no helical turns exhibit in
the Helix 2 region of Conformation B, we plot the interhelical angle along
Path II starting from the conformation after B.interhelical angle is 21.0, representing a (nativelike)
parallel orientation. After that, the angle fluctuates between
45.1 and 83.1 before returning to the native-state region
(Fig. 4). The middle route of Fig. 2 C and Path II basically
belong to the same family of folding mechanism, folding
without helical reorientation.Emergence of nonlocal and local contacts
Path I differs from Path II in the occurrence of local and
nonlocal native contact remarkably. As seen in Fig. 5 A,
although both Path I and Path II exhibit a very low
(<20%) percentage of nonlocal native contact during the
first two-thirds of the pathways, they undergo distinct
changes afterward. The incremental change (~10%–~20%
per step) along Path I starting from Step 13 (nonlocal native
contact ¼ 26.3%) is accompanied by the change in the Ca
RMSD between neighboring nodes along the path in the
range from 2.6 A˚ to 2.9 A˚, whereas a dramatic increase
from 36.8% to 89.5% occurs from Step 11 to Step 12 on
Path II. The Ca RMSD between these two adjacent confor-
mations is 2.8 A˚, which is comparable to the corresponding
region on Path I. Thus, the gradual change against the steep
rise in nonlocal contact along the two paths is not due to the
difference in path resolution. We changed the cutoff of the
nonlocal native contacts from 6.5 A˚ to 6 A˚; and from
6.5 A˚ to 7 A˚, the same phenomenon was observed (see
Fig. S3). Therefore, we do not think that the difference in
the occurrence of nonlocal native contact between the two
paths is sensitive to the cutoff. The native nonlocal contacts
that form early and persist include residues Ile6, Leu9,
Arg31, Val34, and Leu38 on Path I and Ile6-Leu29, Leu10-
Val34 on Path II. The detailed pairwise contacts along the
paths are shown in Fig. S4. Experimentally, Leu9, Arg31,
and Val34 are also found to be critical for stabilization of
native structure (4).
The formation of local native contacts precedes the occur-
rence of nonlocal native contacts on both paths (comparing
Fig. 5, A and B). For the first three-quarters of both paths, the
percentage of local native contact remains within a certain
range, generally more local native contacts form on Path I
than on Path II, ~40% compared with 20%. Afterwards,FIGURE 5 Nonlocal and local native side-chain contacts. (A) Nonlocal
native contact. (B) Local native contact.
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concurrently.Development of backbone native conformation
Both helices almost entirely (77%) form in Conformation A
on Path I and their helicity has remained high thereafter
(Fig. 6 A). However, due to its nonnative interhelical orien-
tation, the native contact between Helix 1 and Helix 2 is
only 25% (Fig. 6 C). Then the interhelical native contact
rises from the plateau of 25% to the plateau of 40% before
it continuously increases to 100%, indicating that the reor-
ientation occurs without detaching. For Path II, the two
helices form partially at the beginning with only 50% helic-
ity in Helix 2 (Fig. 6 B). When Helix 2 grows to its native
length, Helix 1 has not reached its full length until the
path enters the native-state basin. The amount of native in-
terhelical contacts goes up and down from Step 7 to 11 on
Path II as the helicity fluctuates substantially. We also
noticed that the two helices undergo spatial rearrangement,
although the interhelical angle remains below 90 along
Path II.Investigation of alternative folding pathways
Due to numerical errors, our algorithm cannot give good
approximations of the rates along different paths. Instead,
a counting method is used. There are 70 and 98 conforma-
tions out of 178 random coils fold via Path I and Path II,
respectively. Given that the sampling may not fully
converge, we approximate that the two pathways are equally
predominant. To investigate alternative folding paths, we
blocked Path I by removing the conformations that adopted
antiparallel helical orientation (interhelical angle > 105
with at least one helical turn in each helical region) fromBiophysical Journal 100(10) 2457–2465the ensemble. After the removal of the conformations
from the roadmap, we carried out Dijkstra’s algorithm again
to query the roadmap. We find that all these paths merge to
either Path II or the middle route of Fig. 2 C to reach the
native state (Fig. 7 A).
Thirty-five out of seventy random coils detour to the
middle route, and the others diverge to Path II. Because
Path II and the middle route basically belong to the same
family of folding mechanism, folding without antiparallel
to parallel helical reorientation, our result demonstrates
the predominance of Path I and Path II. As shown in
Fig. 7 B (1), Helix 2 is partially present in Node 1 with an
absence of Helix 1. Its path later merges to the middle route.
Node 2 (Fig. 7 B (2)) and Node 3 (Fig. 7 B (3)) resemble
each other in nature because Helix 1 is present in both
conformations with an absence of Helix 2 though they differ
in the helical length and orientation. Thereby, the routes
from Node 2 and Node 3 merge to Node 5 (Fig. 7 B (5)), fol-
lowed by the convergence to one of the lower-lying braches
on Path II (Fig. 7 B (6)).
Similar to some conformations on Path I (Fig. 3 C (a) and
(b)), an antiparallel b-sheet is in presence in Node 5 (Fig. 7
B (5)) with one and half-helical turns in the Helix 1 region,
but no formation of Helix 2. When the path reaches Node 6
(Fig. 7 B (6)), Helix 1 almost fully forms, yet, no presence of
Helix 2. The overall loop conformation is quite close to the
native despite the presence of a small b-sheet. Once this
lower-lying branch merges to Path II at Step 9 (Fig. 3
D(c)), the b-sheet is lost and Helix 2 is close to its full length
while Helix 1 is in its partial form.DISCUSSION
Our results clearly indicate that two families of folding path-
ways which exhibit structural and mechanistic distinctionsFIGURE 6 Secondary structure along folding
pathways. For a given residue that is within native
helical region, a solid square denotes that it adopts a
helical conformation, including 310 helix, a-helix,
and p-helix. (Lighter color/shade) 310 Helix and
p-helix. For the other residues, a solid square indi-
cates that both backbone dihedral angles, f and 4,
are within 530 of those in the native structure.
(A) Secondary structure formation along Path I.
The child and grandchild of Node A in the tree
(Fig. 1) are referred to as Steps 0 and 1 on Path I.
(B) Secondary structure formation of Path II. (C)
Native interhelical contact. Two residues are
considered to be in contact if the distance between
any of their heavy atoms is<4.5 A˚. Therefore, this
figure includes sidechain-sidechain, sidechain-
backbone, and backbone-backbone interhelical
contact.
FIGURE 7 (A) The new paths when the conformations with interhelical
angle >105 and with at least one helical turn in each helical region are
removed from the ensemble. The Ca RMSD in units of A˚ between the
labeled nodes is shown along the link. Note that the nodes between apparent
neighbors are not shown. (B) Conformations of the labeled nodes in
panel A.
Parallel Folding Pathways of BBL 2463coexist under the same conditions. Recent experimental and
computational studies have shown that pH and salt concen-
trations can modulate the folding cooperativity of BBL (39)
and the native structure changes with solvent conditions
(40). These observations imply that the (free) energy land-
scape varies with solvent conditions. Therefore, it is
tempting to speculate that the predominance of the path-
ways may change as the pH level and/or the ionic strength
change.Helix formation versus tertiary packing
Overall, Helix 1 forms earlier and with higher stability than
Helix 2, and the secondary structure develops before the
native tertiary packing (comparing Fig. 1 and Fig. 5 A).
The relative stability between Helix 1 and Helix 2 is consis-
tent with the results of NMR thermal stability (4). The
experimental data show that four residues on Helix I have
high average values for Tm, whereas low and medium Tm
values are observed in Helix 2. Furthermore, the NMR anal-
ysis has also shown that the average value for Tm associated
with the melting of the tertiary structure is 304 K, below the
unfolding temperature of the backbone, 309 K (4). The
replica exchange simulation with a different force fieldhas revealed that, in the transition region, the secondary
structures are roughly nativelike, whereas the spatial orien-
tations of the helices exhibit large variability (15).
These results from literature support the noncooperativity
of BBL folding. From our path analysis of the late stage
folding, indeed, along Path I there is no coupling between
the development of nonlocal contact and helix formation
because the two helices fully form way ahead before they
adopt the native orientation. However, Path II exhibits
some sense of coupling, indicated by the concurrence of
the burst of the nonlocal contact (Fig. 5 A) and the complete
formation of a-helices (Fig. 6 B) in the late stage of folding.Change in end-to-end distance
Our observation of change in end-to-end distance along Path
I is in line with the results of FRET-monitored equilibrium
thermal unfolding and FRET relaxation decays (1,41).
Upon thermal unfolding, the FRET efficiency increases
from ~0.5 (native structure) to ~0.72, corresponding to the
decrease in end-to-end distance from 24 A˚ (native structure)
to 19 A˚. The value for Tm obtained from the IR-monitored
equilibrium thermal unfolding is ~325 K. This value is
higher than that of FRET experiment, 295 K (41), suggest-
ing that the end-to-end distance changes at an earlier unfold-
ing stage than the secondary structure probed by IR. These
experimental results are in excellent agreement with our
observation on Path I. Along this path we find the helices
already fully form when the nonlocal native contacts are still
low (Fig. 5 A and Fig. 6 A), and then the helices reorient
themselves from antiparallel to parallel before reaching
the native state. A model that reproduces the data of
FRET-monitored T-jump relaxation shows that the sharp
increase in the end-to-end distance occurs when the native-
ness is ~0.8 (see Fig. 3D in Li et al. (41)), consistent with
Fig. 2 D of this work. However, the FRET experiment
cannot exclude the folding scenario along Path II with small
changes in the end-to-end distance.Limitations of our roadmap-based MaxFlux
The quality of any postprocessing method of replica
exchange data relies on the quality of sampling, including
our reaction-path algorithm. However, the dependence is
weak for our method. As long as a certain region in confor-
mation space is sampled during replica exchange, the path
will go through that region if needed, no matter whether
the relative populations of various states reach convergence.
The quality of our path also depends on the neighbor crite-
rion and edge-weight used to construct the roadmap. The
choice of neighbor criterion, in turn, determines the number
of connected components. Ideally, we should have a single
connected component on the roadmap with a strict neighbor
criterion to ensure high resolution of the paths (note that two
nodes belong to one connected component of an undirectedBiophysical Journal 100(10) 2457–2465
2464 Fan et al.graph if there is a path between them; otherwise, they
belong to different connected components). Practically, it
is a trade-off between the number of connected components
and the path resolution. If the neighbor criterion is too strict,
the roadmap may contain many disconnected components.
As a result, either no path will be located from the random
coils to the native state, or the paths are biased. And if the
neighbor criterion is too relaxed, the path resolution will
be low.
We find one large component (99.2% of the total nodes)
connects to the root. For the small amount of nodes (2001
out of 2.5  105) that disconnect from the root, their
common structural feature is that the helices fully form,
but the loop conformation is substantially different from
the native structure (see Fig. S5). For the conformations
on the paths with two fully formed helices, none adopts
a similar loop conformation. Therefore, we think this is
a misfolded state. Given the small amount of disconnected
nodes, we believe that the quality of the paths is reliable.
Although there is some arbitrariness in the neighbor criteria,
we believe that the arbitrariness will not affect the overall
folding mechanism as shown in Fig. S3.
Our reaction-path method is also inevitably limited by the
force fields, e.g., the preference of secondary structures
(43,44) and the discrepancy of melting curves between
simulations and experiments (45,46). However, the replica
exchange simulation and the experiments agree in a qualita-
tive view that different parts of BBL unfold at different
temperatures (4,13). Among the conformations generated
in the last 10 ns of the replica exchange simulations, we
find that residues 1821 and residues 2530 exhibit the
b-sheet population up to 11%, which is significantly higher
than other regions (%5%). The transient b-sheet conforma-
tion in this region helps the two helices to remain in contact
when their spatial orientations are nonnative (as shown in
Fig. 3 C). To test whether this is real or biased by the force
field, we carried out a sequence alignment search. We find
that the sequences in these two regions show certain b-sheet
preference (see Fig. S6). Although we cannot exclude the
force-field bias of b-sheet in this region, the sequence align-
ment result does support the possibility of b in these regions.CONCLUSIONS
Both replica exchange and reaction path are powerful
methods for studying protein/peptide folding (45,47–50).
In this work, we combine these two methods by postpro-
cessing replica exchange data with our roadmap-based reac-
tion path algorithm. We find two families of folding
pathways of BBL during the late stage (when Rg is compa-
rable to the native state) of folding; one exhibits noncooper-
ative behavior and the other shows cooperativity to some
extent, reflected in the coupling of helix formation and
tertiary contacts. High structural and transition heteroge-
neity is seen in early stage of folding (when Rg is substan-Biophysical Journal 100(10) 2457–2465tially larger than that of the native). The two main folding
pathways coexist under the same conditions. Our results
are testable by single molecule experiments. We speculate
that the relative predominance of the two paths may vary
with the protein construct and solvent conditions, possibly
leading to the seeming discrepancy of experimental results.
Our roadmap-based MaxFlux method is a general method to
extract path information from replica exchange simulations
without high computational cost (23) or predefined reaction
coordinates.SUPPORTING MATERIAL
Six figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)00416-4.
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